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ABSTRACT
We describe a new field procedure for stop-go temperature 
logging of boreholes that attains millikelvin precision. Tem­
perature is recorded continuously throughout the entire log, 
but the logging probe is held stationary for a fixed time at dis­
crete depth intervals. Equilibrium temperatures at the dis­
crete depths are based on extrapolations of time series using 
theheat-diffusion theory for an infinitely long cylinder. Fora 
Fenwahl K212E thermistor probe having a time constant of 
about 7 s, temperatures are still 6 mK away from equilibrium 
after a wait time of 30 s; but temperatures extrapolated from 
the time series are within 2 mK of equilibrium. A time series 
over a duration of seven time constants of the probe allows 
the user to reproduce temperature estimates within mil- 
likelvins. The technique was applied at GC-1, a borehole in 
northwestern Utah.
INTRODUCTION
Borehole temperature profiles contain a rich source of informa­
tion concerning subsurface and surface thermal properties. Subsur­
face processes affecting temperature profiles include variations in 
thermal conductivity (e.g., Blackwell et al., 1999), coupled heat and 
fluid flow through porous and fractured rocks (e.g.. Smith and Chap­
man, 1983; Drury et al., 1984; Ge, 1998; Constanz et al., 2003), and 
detection of shear heating along faults or at the base of ice sheets 
(Safanda et al., 2004; Yasuyuki et al., 2006). Surface processes af­
fecting temperature profiles include topography, differential solar 
radiation, vegetation, and past changes in surface temperature (see 
Appendix A in Chisholm and Chapman, 1992; Harris and Chapman, 
1995). In addition, temperature logs are becoming increasingly im­
portant in environmental applications and are useful for assessing 
excess heat associated with radioactive waste storage and fluid 
movement associated with casing integrity.
Exploiting this information fully requires high-precision mea­
surements of temperature and the ability to separate noise from small 
but meaningful variations in temperature. High precision is especial­
ly important because temperature logs increasingly are being made 
for detecting temporal, rather than spatial variations in the thermal 
field. Perhaps nowhere is the need for high-precision temperature 
logs greater than when they are used to reconstruct histories of 
ground-surface temperature for studies of climate change. Applica­
tion of Backus-Gilbert inverse theory to interpretations of tempera- 
ture-depth profiles in terms of ground-surface temperature histories 
demonstrates that our ability to resolve past climatic events can be 
optimized by reducing the random errors in the temperature mea­
surement to no more than 0.1% of the climate signal being sought 
(Clow, 1992).
Precision temperature logs differ from other open-hole logs in two 
respects. First, precision temperature logs need to be measured in 
holes that are in near-thermal equilibrium, such that a relaxation time 
after drilling, production, and other logging is needed. A second dif­
ference between temperature logs and other open-hole logs is that, 
whereas most logging tools collect measurements on the way up, 
precision temperature logs need to be collected on the way down so 
that the measuring environment is not disturbed prior to introducing 
the temperature tool. Both of these considerations require a separate 
logging trip for precise temperature measurement.
Two modes of temperature logging techniques are conventionally 
used (e.g., Jessop, 1990). In the first method, known as stop-go or in­
cremental logging (Beck, 1965; Costain, 1970), the temperature 
probe is lowered to the depth of interest, and after some time interval 
passes, the temperature is recorded. This method results in a series of 
temperature measurements at discrete depths. In the second method, 
known as continuous logging (e.g.. Costain, 1970; Conaway and 
Beck, 1977; Conaway, 1977), the probe is lowered at a constant 
speed, with the measurements limited by the sampling rate. Howev­
er, the time response of the probe must be deconvolved from the 
measurements (Conaway, 1977; Saltus and Clow, 1994), and slip- 
ring noise may introduce uncertainties.
In this paper, we show that a hybrid combination of these tech­
niques —  continuous recording while stopping at discrete depths —
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can produce high-quality temperature-depth profiles with mil- 
likelvin temperature precision. Our technique consists of stopping 
the probe at discrete depths as in the stop-go technique, but continu­
ously record temperature at 0.5 s intervals as with continuous logs. 
The recorded time series is used to extrapolate to an equilibrium 
temperature.
TEMPERATURE MEASUREMENT
We measure borehole temperature using a Fenwahl K212E ther­
mistor probe based on the design of Sass etal. (1971). The tool con­
sists of a thin probe protruding from a 2.22-cm-diameter, 20-cm- 
long brass cylinder within which the four-wire logging cable is at­
tached to the probe. The stainless steel probe is 2 mm in diameter 
and 12 cm long; it contains two arrays of 20 negative-temperature- 
coefficient (NTC) thermistors hermetically sealed in glass. This de­
sign is favored because of its ruggedness, stability, and high sensitiv­
ity to temperature (Clow et al., 1996). Arrays of thermistor beads 
minimize self-heating effects, and hermetically sealing the beads in 
glass improves long-term stability by minimizing oxides that would 
otherwise form on the ceramic beads. The time constant for our 
probe in still water is 7 s. Our probes are routinely calibrated against 
a Hewlett Packard model 2804a quartz thermometer. Misfits of indi­
vidual calibration points to a calibration curve suggest that our tem­
perature accuracy is 30 mK (Chisholm and Chapman, 1992).
Resistances are measured in a four-wire configuration via a digital 
multimeter at the surface (Beckand Balling, 1988). In the field, ther­
mistor resistances are measured to ±1 O, which, for our 10-k0 
probes, translates to a temperature precision of ±2.5 mK. Precision 
of ±0.2 mK is possible by using a resistance meter that measures re­
liably to 0.1 O. A  slip-ring assembly provides electrical continuity 
between the logging cable and the surface electronics. Depths in the 
hole are measured with a Veeder-Root measuring wheel and counter. 
The probe can be positioned to ±0.1 wheel revolution, or ±0.03 m. A 
positioning uncertainty of 3 cm is equivalent to a temperature uncer­
tainty of 1 mK in a typical continental setting having a geothermal 
gradient of 30 mK/m. Cable stretch or hysteresis in the measuring 
wheel should not introduce significant errors in the temperature 
measurements. A  laptop computer stores the three data streams 
needed: thermistor depth, resistance, and time.
THEORY
We draw on a method used extensively in computing equilibrium 
temperatures from marine heat-flow probes where minimizing the 
measurement time is important (e.g., Davis and Villinger, 1987). 
Equilibrium temperatures can be estimated by using the theory of ra­
dial heat diffusion for an infinitely long, perfectly conducting cylin­
der subjected to a step change in temperature (Jaeger, 1956; Carslaw 
and Jaeger, 1959). The temperature response T{t) to an instanta­
neous temperature change AT is described by the function F(a , r )  
(Bullard, 1954),
T(t) = 7XX) -  A7’F (a ,r ) ,  (1)
where T(^)  is the new equilibrium temperature and AT is the tem­
perature step.
The function F(a , t )  can be expressed as (Bullard, 1954)
, 4 a C'~ e x p ( -  t h 2 ) , 
F (a ,r) = —  ---------------du, (2)
7T‘ J 0 mAh
where
Ah = [mJ0(m) -  aJi(u)]2 + [mK0(m) -  a ) \ { u ) ^  (3)
and where J„ and Y„ are Bessel functions of order n of the first and 
second kind, respectively. In these equations, the first argument, a  is 
twice the ratio of the heat capacity of the fluid pc being displaced by 
the probe to the heat capacity of the probe S, such that
a  = l i r a 2—  (4)
S
and a is the probe radius. The second argument t  is a dimensionless 
time that can be expressed as
where k is the diffusivity of the medium (k/pc), k is the thermal con­
ductivity, and r is the elapsed time since the disturbance. In equations
1 and 2,F(a,Q) = 1 and /•’(«, =°) = 0. Equilibrium temperatures are 
computed by a least-squares fit to the cylindrical decay, and the equi­
librium temperature is the v-intercept (equation 1) on a plot of T(r) 
versus F(a, t ).
FIELD RESULTS
We tested our procedure in a 150-m-deep borehole in northwest­
ern Utah (GC-1) that has been logged repeatedly since 1978 (Chap­
man and Harris, 1993). GC-1 is on the south flank of the Grouse 
Creek Mountains in northwest Utah and was drilled into a granitic 
pluton in an area specifically chosen to minimize thermal perturba­
tions caused by rock inhomogeneity and topographic effects. The 
150-mm-diameter borehole was completed by inserting a bottom- 
capped, 64-mm-inner-diameter PVC pipe, and the annulus was 
backfilled with a slurry of drill cuttings. In 1993, we inserted a sec­
ond PVC pipe, with an inner diameter of 25 mm, inside the 64-mm 
pipe. Baffles were attached to the outside of the small-diameterpipe 
to damp potential convection of the water in the annulus between the 
inner and outer plastic pipes.
In 2002, a sequence of three temperature logs was collected over a 
three-day period, one on each successive day. Figure 1 shows the 
temperature-time series for the first hybrid log between depths of 20 
and 29 m. Each segment in this figure shows (1) the rise in tempera­
ture caused by the geothermal gradient as the probe descends be­
tween measurement depths and (2) an apparent plateau in tempera­
ture as the probe is held at a specified depth and tries to equilibrate to 
a new temperature. Temperatures are recorded approximately every 
0.5 s, the lowering time between specified depths is 5-15 s, and the 
probe is held at each depth for approximately 70 s, corresponding to 
10 time constants.
Temperatures corresponding to the lowering and holding of the 
probe at each depth are separated into segments, based on the probe 
velocity, and plotted against relative time (Figure 2a). The initial rise 
in temperature as the probe is being lowered and the asymptotic ap­
proach to a new equilibrium temperature are evident. The different 
behavior of the temperature rise at each depth reflects the details of
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the acceleration, speed, and deceleration of the probe as it is lowered 
by hand. Temperatures as a function of F{ a . r ) for those same depths 
are plotted in Figure 2b. We exclude the first 7 s corresponding to the 
time constant of the probe and compute the equilibrium tempera­
tures by determining the least-squares intercept temperature. These 
intercepts are well determined with standard deviations of less than 
1 mK. The distance between the temperatures and the dashed line 
for each depth in Figure 2a provides an estimate of the deviation 
from equilibrium as a function of time.
In the marine heat-flow literature (e.g.. Villinger and Davis. 1987; 
Hartman and Villinger. 2002). considerable attention has been paid 
to problems associated with not knowing the pre­
cise origin time for the start of the thermal decay.
The optimum origin time is usually chosen as the 
value that minimizes the standard deviation of the 
linear tit to the F ia . r )  series (Villinger and 
Davis. 1987). We tested our sensitivity to the ori­
gin time following the same procedure of opti­
mizing the linear tit to the transformed tempera­
ture data. Our results suggest that a shaip acceler­
ation in the probe at the beginning of each lower­
ing provides the best-resolved minima in the rms 
misfit. In some cases, this procedure suggested a 
time shift of 5 s; but even with this large time 
shift, changes in the equilibrium temperature are 
less than 1 mK. For our application, we do not 
considerpotential time shifts further.
Figure 3 demonstrates one advantage of the 
stop-go logging method and use of F(a . r )  by 
showing histograms of the temperature differ­
ence between observed and equilibrium tempera­
tures after wait times of 30 and 60 s. After a 30-s 
wait (Figure 3a). temperatures on average are 
6 mK shy of the equilibrium temperature, al­
though the variation is considerable. 1 to 10 mK.
After a 60-s wait (Figure 3b). both the temper­
ature difference and scatter are reduced. The 
mean difference is 4 mK. and the range is only 
1-6 mK.
The advantage of using a time-series F(a . r)  
extrapolation rather than a single time measure­
ment is illustrated in Figure 4. The plot is con­
structed by using progressively longer time se­
ries. in multiples of the probe time constant (7 s). 
and comparing the extrapolated T(^)  from the 
truncated time series with T(^)  estimated by us­
ing the full approximately 70-s data stream. Us­
ing F(a . r )  allows us to estimate equilibrium 
temperature within 2 mK for a 30-s time series; a 
49-s time series (seven time constants) yields 
equilibrium temperature estimates within 1 mK 
of the true equilibrium temperature. Our results 
show that an appropriate waiting time at each 
depth is approximately seven time constants.
Faster platinum-resistance transducers, however, 
may shorten the required time between stops.
Millikelvin precision is important because, 
even at this accuracy, repeatable signals may exist 
that would otherwise be interpreted as noise. Fig­
ure 5 shows a comparison of three temperature
logs collected over the three-day period in 2002. To accentuate the 
consistency and variability between the logs, we plot temperatures 
between 100 and 150 m. at an expanded temperature scale, by re­
moving the background gradient (31.05°C/km) and surface-tem- 
perature intercept (10.68 °C). The most important feature of the mil- 
likelvin-precision logs is a repeatable, fine structure to the tempera­
ture profile that would have been interpreted as noise at the 10-mK 
level. Root-mean-square differences, computed point by point, be­
tween logs 1 and 2. 1 and 3. and 2 and 3 are 5. 3. and 4 mK. respec­
tively. The maximum difference in temperature between any two 
depths is 10 mK.
Time (s)
Figure 1. Stop-go temperature logging of borehole G C -1 in northwestern Utah. Tempera­
tures are recorded every 0.5 s. The probe is lowered by the 1-m logging interval for 
5-15 sand is then left stationary for about 60 s. Data for depths between 20 and 29 m (as 
labeled) are shown.





Figure 2. Illustration of the F\a.  t )  method, (a) Temperature-time series for each depth 
are shown as a function of relative time. Dashed line shows computed equilibrium tem­
perature. (b) F(a . r )  series for each depth. Line shows best-fitting solution; equilibrium 
temperatures are the intercepts.
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The differences between the redueed-temperature profiles show a 
coherent structure to the temperature variations in the borehole. The 
most likely causes of these temperature perturbations are either vari­
ations in thermal conductivity or convective instabilities in the cased 
borehole or outside the casing (Chapman and Harris, 1993). If con­
vection is responsible for the fine temperature structure, the convec­
tion is spatially locked, perhaps by heterogeneities in thermal prop­
erties or by slight variations in drill-hole diameter.
The test data set used in this analysis is from a thermally stable 





Length of time series (s)
Figure 4. Benefits of the F(a, t ) method. The difference between 
equilibrium temperatures computed from the entire time series and 
computed by using a shorter truncated time series at each depth are 
plotted against the length of truncated time series used. The plot is 
constructed at multiples of the probe time constant (7 s). Points 




Figure 3. Histograms of temperature differences between computed 
equilibrium temperatures and observed temperatures at wait times 
of (a) 30 and (b) 60 s.
a) b)
Temperature (mK) Thermal conductivity (W/m/K)
Figure 5. (a) Reduced temperatures for GC-1 between 100 and 
150 m, showing consistency of temperature measurements at each 
depth, (b) Thermal conductivity of the granite pluton is uniform at 
the scale sampled.
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measuring in a water-filled borehole and inserting a small-diameter 
pipe with baffles around the outside of the inner annulus to damp 
convection. In larger-diameter boreholes or open holes, vertical con­
vection may be expected, and this technique may provide a diagnos­
tic test of advective heat transfer. For example, in a 0.2-m-diameter 
borehole, convection may be on the scale of a few borehole diame­
ters, or 0.6 m. A  standard continental gradient of 30 mK/m would 
yield a temperature disturbance of 18 mK. Small-scale convection 
may be manifested as noise in F(at, t ) plots, poor statistics, or a vari­
able slope in F(at, t ) plots. Although the results presented here repre­
sent a small but significant improvement in repeatability, this tech­
nique is likely to be helpful in discerning between noise and signal in 
harsh measuring environments represented by large-diameter bore­
holes or boreholes filled with air.
CONCLUSIONS
The hybrid temperature of stop-go logging while continuously re­
cording temperature affords high precision without sacrificing effi­
ciency or time required to log a borehole. This technique is imple­
mented easily by using inexpensive portable borehole logging 
equipment. A  temperature time series of 60 s acquired at each depth 
yields millikelvin precision. The procedure should be particularly 
useful in detecting small changes in borehole temperatures associat­
ed with climate change, frictional heating of faults, or subtle hydro­
geologic effects.
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